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An evolution of chemical structure databases

1960s

• Computers aid 
publication 
process

• Computerization 
of chemistry

1970s

• Chemical 
structure 
publisher 
databases 
(Beilstein, CAS)

• Rise of databases

1980s

• Chemical 
structure 
corporate 
databases

• Dial-up 
accessibility  
(STN)

• Computer savvy 
chemists

1990s

• Desktop 
chemical 
structure 
databases (ISIS 
BASE)

• Internet 
accessible 
chemical 
structure 
databases 
(SciFinder)

• Large private 
collections of 
information

2000s

• Internet 
accessible, open 
chemical 
structure 
databases you 
can also 
download and 
use locally 

• Rise of open 
chemistry

2010s

• Large open 
chemical 
databases of 
aggregated 
content

• RESTful 
programmatic 
access

Special thanks to discussions with Dr. John Rumble and Dr. Evan Hepler-Smith



2020s
Cloud-first, 

Mobile-first, 
Machine-first,

FAIR-first, Open-first

Imagine you wanted 
to make a modern 
scientific resource, 
what do you need  
to focus on?

Receive cloud-based data

Make data accessible 
within cloud

UI/UX from a 
device screen 
size agnostic 
perspective

Use of controlled 
vocabulary and 

machine interpretable 
statements

Sufficient meta data to 
reproduce the science

Use of persistent 
research identifiers

Standards-based 
approaches

Explicit data licensing 
(e.g., CC-BY 4.0, CC0)

Data use cases 
explicitly 
considered

FAIR means “Fully AI Ready” .. also means “Findable”, “Accessible”, “Interoperable”, “Reusable”

This is what it means to be useful for many use-cases



Are we ready for ultra-
large chemical databases?

• InChIKey, will it still work?
• Users, will they know how to use?
• Is interactivity a thing of the past?
• Are the possibilities so great that it all just 

seems random?
Image credit:
https://ilekh.com/wp-content/uploads/2014/08/time-for-change.jpg



PubChem is a 
data repository
• World's largest 

collection of freely 
accessible chemical 
information.

• Helps researchers make 
sense of the biological 
roles and health effects 
of chemicals on human 
health and the 
environment.

https://pubchem.ncbi.nlm.nih.gov/

Chemical substances and bioactivities .. with select annotation
What if PubChem was 1 billion structures?  10 billion structures?  Would it be more or less useful?



Two primary archival databases

PubChem Substance and Compound databases
Nucleic Acids Res. 2016 Jan 4;44(D1):D1202-13. 
DOI: 10.1093/nar/gkv951
PMID: 26400175
PMCID: PMC4702940

Compound is derived from Substance

>250

>100

Lots of links between records exist between +250M bioactivities, +250M substances, +100M compounds, +1M bioassays



Many to many relationships

Structure

Concept

ConceptConcept

Concept

Structure

Structure

Structure

Structure

Formaldehyde
Gas or Liquid or Polymer?

Liquid: flammable or inflammable?
How to represent?

Carbon
Element?
Coal?
Diamond?
Methane?

Gleevec
Salt?
Hydrate?
Free base?

Many to many links abound in PubChem within a given collection



Integrating many resources

• Over 700 contributing 
resources

• Unified search engine
• Flexible handling of query types
• Includes chemical input 

extensions and sketcher

• Many collection types
• Compounds / Substances
• Proteins / Genes / Pathways
• BioAssays
• Literature / Patents

Many links between other external collections and annotation



Integrating publisher 
provided metadata

• Major publishers 
provide chemical-DOI 
associations

• Thieme
• Springer Nature

• Publishers provide 
document level 
metadata

• CrossRef, PubMed, 
SciGraph, (Agricola)

Density of links to a record are very uneven, contrasting between very sparse and very dense



PubChem Co-occurrence 
‘Knowledge Panel’ displays

• Using PubMed corpus

• Mine text title/abstract

• Find all chemical, disease, 
gene/protein mentions

• Compute histogram and 
provide top-N

• Evidence clearly stated 
• name, PMIDs, .. 
• Downloadable

• Handles all nine 
combinations of 
Chemical, 
Gene/Protein, DiseasePubChem Co-occurrence 

‘Knowledge Panel’ displays

• Using PubMed corpus

• Mine text title/abstract

• Find all chemical, disease, 
gene/protein mentions

• Compute histogram and 
provide top-N

• Evidence clearly stated 
• name, PMIDs, .. 
• Downloadable

• Handles all nine 
combinations of 
Chemical, 
Gene/Protein,     
Disease

Many precomputed relationships and analyses exist to further integration and interpretation by users and machines



The chemical information divide

Image credit:
https://hcldr.files.wordpress.com/2016/12/1-rr-0116-industry-divided.jpg
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PubChem 
RDF-based  
Linked Data
• Describes 

relationships between 
PubChem data

• Machine-readable 
information triples

• Organized like layers 
of an onion (just take 
what you need)

• Uses ontologies and 
vocabulary description

• Only a core set of 
PubChem content

• Expanding coverage

The richness of data is further enhanced by leveraging machine-based semantic relationships



PubChem 
RDF-based  
Linked Data
• Describes 

relationships between 
PubChem data

• Machine-readable 
information triples

• Organized like layers 
of an onion (just take 
what you need)

• Uses ontologies and 
vocabulary description

• Only a core set of 
PubChem content

• Working to add more

… and more …

PubChem limits the degree of links within the RDF representation to keep the count under 100 billion .. could be 10x larger



PubChem FTP Site

• Different file formats
• 7 TBs of data
• Compound, Substance, 

BioAssay, Bioactivities
• Lots of extras

• Special data sets
• Link files to patents, 

PubMed, …
• Target
• RDF
• Specifications ftp://ftp.ncbi.nlm.nih.gov/pubchem/

https://ftp.ncbi.nlm.nih.gov/pubchem/

Everything is downloadable in bulk



Content is programmatically accessible

PMID: 31399858
PMCID: PMC6324075
DOI: 10.1186/s13321-019-0375-2

PMID: 29718389
PMCID: PMC6030920
DOI: 10.1093/nar/gky294

Annotation-based data access Archive-based data access

Everything is analyzable or downloadable in pieces interactively and programmatically .. capacity is needed at scale



What would 
happen if all 
these counts 

increased 10x?

Short answer .. PubChem would implode .. it does not scale to such a level .. a (complete) rethink would be needed



Contemplating chemical infinity



What holds us 
back from 
chemical 
infinity?

Image credit:
https://www.masterdc.com/images/photos/dedicated-and-managed-server-differences.jpg

1.Hardware
2.Software
3.Money
4.Time
5.Use cases

One or more of the following:



Very basic operations of a 
chemical structure database

• Query by structure
• Identity – scales as N 
• Similarity – scales as N
• Substructure – scales as N-ish

(depends on the algorithm and tradeoffs)

• Sort results – scales as N * ln N
• Filter results – scales as N 
• Retrieve results – scales as N

Database Size N * ln N

1M 10M

10M 100M

100M 1B

1B 10B

10B 100B

100B 1T

1T 10T

10T 100T

Considering only 

(assumes a full scan needed, many optimizations can be 
applied, completely ignores analysis beyond filtering)

Can we find better ways to scale?

M=million, B=billion, T=trillion



Consider the economics 
of a feature-less chemical 
structure database in the 
cloud

• Assuming
• 100 bytes per structure
• vCPU w/ 2GB memory @ 

$0.025/hour
• Storage 1GB @ 

$0.08/month
• Minimal I/O used (else $$)
• All in memory (for speed!)
• Capacity for only one 

query at a time

Database Size Storage vCPU needed Yearly cost

1M 100MB 1 $                   219 

10M 1GB 1 $                   220 

100M 10GB 5 $               1,105 

1B 100GB 50 $             11,046 

10B 1PB 500 $          110,460 
100B 10PB 5,000 $       1,104,600 

1T 100PB 50,000 $    11,046,000 
10T 1EB 500,000 $  110,460,000 

(many tradeoffs can be applied to change the economics, ignores many aspects needed to run at scale, a full 
featured chemical search system likely 10-100 times more expensive before optimization, analysis costs extra)

Can we implement more memory efficient approaches?
M=million, B=billion, T=trillion

MB=megabyte, GB=gigabyte, PB=petabyte, EB=exabyte



• How does the workflow change 
for users?

• What can a user do with a 
large selection of results?

• Does one save a list of 1.5B 
structures to come back 
later and analyze more?

• Will speed be sufficient 
when store vs. compute-on-
the-fly becomes a serious 
consideration?

• What decision-making 
analysis will be useful to 
users?

Image credit:
https://sassofia.com/wp-content/uploads/2019/03/Untitled-1.jpg

(beyond cost)



PubChem Search

• Single box, many query types
• Chemical name, CAS#
• Gene symbol/name
• Molecular Formula
• SMILES, InChI
• SMARTS (substructure)
• …

• Draw a structure
• Or upload a file

• Chemical Search by
• Identity, similarity, 

substructure, superstructure, 
mol. formula

• Upload an ID list

• Many collections
• Compounds, Substances, 

BioAssays, Genes, Proteins, 
Pathways, Literature, Patents

https://pubchem.ncbi.nlm.nih.gov/

How do you import data?
How much can you import?
How do you use large inputs on database side?



PubChem Search
https://pubchem.ncbi.nlm.nih.gov/

• Single box, many query types
• Chemical name, CAS#
• Gene symbol/name
• Molecular Formula
• SMILES, InChI
• SMARTS (substructure)
• …

• Draw a structure
• Or upload a file

• Chemical Search by
• Identity, similarity, 

substructure, superstructure, 
mol. formula

• Upload an ID list

• Many collections
• Compounds, Substances, 

BioAssays, Genes, Proteins, 
Pathways, Literature, Patents

What can you afford to compute?
Every feature has a cost?
Which do you keep?
What can you do with the result?



PubChem Search
https://pubchem.ncbi.nlm.nih.gov/

• Single text box, many query 
types

• Chemical name, CAS#
• Gene symbol/name
• Molecular Formula
• SMILES, InChI
• SMARTS (substructure)
• …

• Draw a structure
• Or upload a file

• Chemical Search by identity, 
similarity, substructure, 
superstructure, mol. formula

• Upload an ID list

• Many collections
• Compounds, Substances, 

BioAssays, Genes, Proteins, 
Pathways, Literature, Patents

Are you allowed to filter?
How do you do it?
How will it affect performance?
How will it scale?



PubChem Search
https://pubchem.ncbi.nlm.nih.gov/

• Single text box, many query 
types

• Chemical name, CAS#
• Gene symbol/name
• Molecular Formula
• SMILES, InChI
• SMARTS (substructure)
• …

• Draw a structure
• Or upload a file

• Chemical Search by identity, 
similarity, substructure, 
superstructure, mol. formula

• Upload an ID list

• Many collections
• Compounds, Substances, 

BioAssays, Genes, Proteins, 
Pathways, Literature, Patents

Dynamic analysis?
Histograms?
What can you afford to do?



PubChem3D

• Computationally generated  
3-D structure

• Set of ten diverse 
conformers

• 3-D display widget
• 3-D similarity measure

• Similar shape and 
protein binding features

• Compliments 2-D 
similarity

• Downloadable data
• SDF, precomputed 

similarityThematic Series of ten articles
https://www.biomedcentral.com/collections/pubchem3d

What about chemical similarity?
Will it have meaning in an ultra-large DB?
Can you afford to compute (and store?) a fingerprint?
Dare you try 3-D similarity? (can you afford the GPUs?)



Classification 
Browser

• Multiple hierarchical classifications of 
records in PubChem

• Includes links of different types

• Provides a way to find records with 
particular types of information

• Allows insightful comparisons to be 
made between sets of records

• Provides list import capability via 
Entrez (adding PubChem Search)

What about analysis and subsetting?
Do you provide useful tools that help the user make 
sense of millions or billions of results?



Many Helpful 
Services and 
Functions

Identifier Exchange Service

Score Matrix Service

Standardization Service

BioActivity Dyad pages

Entrez Indicies and Filters

Bulk Download facilities

AutoComplete Service

PubChemRDF REST

Are specialized services in the cards?
To bulk download select sets?
To annotate?  To compare?
To subset and select?
To analyze with various methods?
Will users understand?



Biologics
1.5M chemicals are 
‘biologics’ in PubChem

• Glycan, amino acid, 
nucleic acid monomers

• Handles substitutions and 
chemical linkers

NCBI Glycans page

• Symbolic Nomenclature 
for Glycans (SNFG)

• Working with Glycans
community

What is a glycan?

• WURCS collaboration

What is a biopolymer 
monomer?

• Pistoia Alliance HELM / 
EBI collaboration

Lots of precedence to reduce complexity in structural representation



New approaches needed with 
ultra-large databases

• Compact formats that resist enumeration

• Computational efficiency like never before
• Computed property computation
• How to establish links/relationships between entities?

• Rethinking the ‘user’ workflow
• Machines/scripts vs. humans

• Cost efficiency
• Expensive national resource or on each user desktop?



Parting thoughts

• Very large databases (on the 
order of 1B-10B) are here

• Ultra-large databases (on the 
order of 100B-1TB) are just 
around the corner

• Much to do to scale

• Not every database needs or 
desires features found in 
PubChem but they will need 
some key features to be 
useful/relevant to end users

• Substantial investment in 
developing new algorithms, 
software, and rethinking 
databases will be necessary 
for practical utilization 
(features, cost, time)

Image credit:
https://www.myhubintranet.com/wp-content/uploads/2017/04/improving-employee-engagement.png



PubChem Crew …

Evan Bolton

Jie Chen

Tiejun Cheng

Asta Gindulyte

Jane He

Siqian He

Sunghwan Kim

Qingliang Li

Ben Shoemaker

Paul Thiessen

Bo Yu

Leonid Zaslavsky

Jian Zhang

Special thanks to the NCBI Help Desk, especially Rana Morris, and past PubChem group members
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Special thanks

• Software collaborators
• NextMove Software (Roger Sayle, John May) plus Daniel Lowe, Noel O’Boyle
• Xemistry GmbH (Wolf D. Ihlenfeldt) 
• OpenEye Scientific Software

• PubChemRDF Collaborators
• BioHackathon (2014-2019) attendees and organizers
• All PubChem Contributors and Collaborators

• This research was supported by the Intramural Research Program of 
the NIH, National Library of Medicine.
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Your 
questions?

Image credit:
https://img00.deviantart.net/7cdd/i/2007/183/8/b/scienc
e_lab_illustration_by_melodicinterval.jpg

[save the world • 
love the people • 
be happy]


